ABSTRACT The host preference of a vector mosquito species plays a signiÞcant role in determining human and animal risk of infection with mosquito-transmitted pathogens. Host preferences of common southern California Culex species for four bird species, American crow (Corvus brachyrhynchos), house sparrow (Passer domesticus), house Þnch (Carpodacus mexicanus), and mourning dove (Zenaida macroura), were examined by determining the proportion of each mosquito species that successfully engorged on each of the four bird species presented equally within a net trap to wild host-seeking mosquitoes. Bloodmeals in engorged mosquitoes captured within the net trap were identiÞed to avian species by using a multiplex polymerase chain reaction assay targeting the cytochrome b gene sequence. There were signiÞcant differences in host selection by all three Culex species captured in numbers sufÞcient for analysis, with Culex erythrothorax Dyar preferentially biting American crows, Culex tarsalis Coquillett preferentially biting house sparrows, and Culex quinquefasciatus Say preferentially biting house Þnches. All three Culex species demonstrated more frequent engorgement on passerine birds (sparrows, Þnches, and crows) than the nonpasserine mourning dove. A greater preference for passerine birds might be expected to increase the transmission of pathogens, such as West Nile virus, to which passerine birds are particularly competent hosts.
Mosquitoes are responsible for the infection of humans and animals by many of the worldÕs most significant pathogens. In the United States, West Nile virus (family Flaviviridae, genus Flavivirus, WNV), a mosquito-transmitted Flavivirus, has signiÞcantly affected human and animal health after its introduction in 1999 (Komar 2000) and rapid spread across the continental United States over the next 5 yr (Reisen et al. 2004) . WNV is maintained in an enzootic cycle between birds and bird-feeding mosquitoes, with transmission of WNV to humans and horses by mosquitoes that have previously fed on an infected bird (Hayes et al. 2005) .
The most competent vectors of WNV are mosquitoes in the genus Culex (Turell et al. 2001 (Turell et al. , 2005 Goddard et al. 2002) , most of which are ornithophilic and thus maintain the virus in an avianÐmosquito transmission cycle (Burkett-Cadena et al. 2008) . Mosquitoes that feed on birds with high WNV viremia are more likely to acquire and transmit virus to a susceptible host during a subsequent feeding event (Goddard et al. 2002 , Reisen et al. 2005 , van der Meulen et al. 2005 . Viremia levels vary by bird species (Komar et al. 2003 , Kilpatrick et al. 2007 , and mosquito species that feed more often on bird species which develop high WNV viremia may therefore be responsible for greater WNV transmission relative to mosquito species which feed more often on WNV-refractory bird species.
For a mosquito species, the proportion of bloodmeals taken from any one host species relative to other available host species, the "host biting index" (GarrettJones 1964 , Dye 1986 , is typically estimated by the proportion of Þeld-captured engorged mosquitoes containing a bloodmeal identiÞed to the speciÞc host(s) of interest. Under Þeld conditions, the host biting index is a product of the abundance and spatiotemporal distribution of mosquitoes and hosts (i.e., the "host-contact opportunity"), modiÞed by differential mosquito responses to available hosts, resulting in successful engorgement on the host species of interest. In a practical sense, these components of the host biting index are difÞcult to separate and the relative importance of each component to host-speciÞc engorgement is likely to vary with the composition of host species at times and locations that allow discovery by host-seeking mosquitoes. Among available hosts, mosquito orientation toward and landing on a particular host species, combined with mosquito and host characteristics that determine feeding success, can be considered under the single term "host preference." Host preferences are accepted to determine the range of suitable hosts on which a mosquito species will commonly feed (e.g., mammalophilic or ornithophilic feeding preferences), although even at this level there can be considerable plasticity depending upon the availability of hosts (Chaves et al. 2010) . However, among suitable and available hosts, the relative inßuence of host preference to host selection is unclear. Recognition that intrinsic host preferences result in differential host selection among generally suitable hosts may have important implications for understanding pathogen transmission risk and also might provide insight into host-seeking behaviors.
In theory, mosquito host preference can be estimated from host-speciÞc proportional engorgement of Þeld-captured mosquitoes adjusted for local host availability after a census of available hosts to estimate a foraging ratio (Hess et al. 1968 ). However, hostseeking mosquitoes may not encounter suitable hosts in proportion to human-perceived availability of these hosts in the local habitat. The uneven distribution of both host-seeking mosquitoes and their hosts throughout the available habitat during the time period when mosquitoes are actively host seeking (Bidlingmayer 1971 , Edman 1971 , Meyer et al. 1991 ) is likely to result in imprecise estimates of host preference.
Here, we evaluate whether several WNV-competent Culex mosquitoes in southern California exhibit differences in their preferences to feed on four common North American bird species when the inßuences of habitat and host availability were removed. These avian species exhibit high rates of naturally acquired WNV infection, but vary in host competence.
Materials and Methods
Study Sites. Studies were conducted on 14 nights from 24 April to 29 August 2008 at three wetlands in southern California known by local mosquito control agencies to support high populations of Culex mosquitoes. Study sites included two wetlands along the PaciÞc coast, the 82-ha University of California at Irvine (UCI) freshwater wetlands (33Њ 39Ј26.52Љ N, 117Њ 51Ј19.83Љ W) (nine trap nights) and the 121-ha Bolsa Chica (saltwater) Wetlands Reserve (BCWR) (33Њ 41Ј5.24Љ N, 118Њ 1Ј32.15Љ W) (three trap nights), and one freshwater wetlands located in the inland southern California desert, the 8,093-ha San Jacinto Wildlife Area (SJWA) (33Њ 52Ј14.19Љ N, 117Њ 7Ј6.86ЉW) (two trap nights). Studies also were conducted on 11 nights from 7 October 2008 to 26 June 2009 at an urban site near the Orange County Vector Control District (OCVCD) facility in the city of Garden Grove, CA (33Њ 46Ј30.89Љ N, 117Њ 54Ј15.18Љ W), speciÞcally to collect engorged Culex quinquefasciatus Say that were captured in very low numbers at the three wetlands locations but are an important vector of WNV in urban southern California (Reisen et al. 2005) .
Experimental Design. Blood-fed and unfed mosquitoes were captured within a 3-by 3-by 3-m net trap baited with four species of wild birds. The net trap consisted of a steel frame with a covering of green fabric on top and mosquito netting on all four sides (Fig. 1) . The side netting was raised Ϸ30 cm above ground level to allow host-seeking mosquitoes to access the interior of the net while restricting their escape after taking a bloodmeal from one of the birds held within the net trap (Roberts 1965 , Mitchell et al. 1985 .
Birds (adults only) offered to host-seeking mosquitoes were American crow (Corvus brachyrhynchos), house sparrow (Passer domesticus), house Þnch (Carpodacus mexicanus), and mourning dove (Zenaida macroura). All four bird species are commonly found in southern California and vary in average size: 468 g (American crow), 133 g (mourning dove), 28 g (house sparrow), and 21.5 g (house Þnch) (Cornell Laboratory of Ornithology 2009). House sparrows and house Þnches were captured using grain-baited, modiÞed Australian crow traps (McClure 1984) , and American crows and mourning doves were captured by federal trappers responsible for removing wildlife from the Los Angeles Airport area. House sparrows and house Þnches were held for only 1 wk, after which they were released at their capture sites, and newly captured birds were used the following week. American crows (n ϭ 5) and mourning doves (n ϭ 8) were held for the length of the study with individual birds randomly selected for each trap night. To reduce bird stress, individual birds were not used on consecutive trap nights. Between trap nights, crows were maintained in a mosquito exclusion cage (3.0 by 2.5 by 2.5 m) to lower the risk of WNV infection, and mourning doves were kept in individual cages (60 by 60 by 50 cm) to reduce injury to the birds. Food (commercially purchased wild bird seed for the house sparrows, house Þnches, and mourning doves; cat food, eggs, and earthworms [Eisenia fetida] for the crows) and water were provided to the birds ad libitum in the holding and test cages. Collection and handling of birds was conducted in accordance with an approved University of California at Riverside animal use protocol, collection permit 009927 from the State of California Department of Fish and Game, and banding permit 23547 from the federal U.S. Department of the Interior (U.S. Geological Survey).
Trapping Procedure. On each trap night, two birds of each of the four bird species (total of eight birds) were used, with each bird placed into an individual wire mesh cage (50 by 30 by 30 cm with 2.5-by 5-cm mesh size) suspended 1.5 m from the ground on metal rebar support poles (Fig. 1) . Bird cages were evenly distributed around the circumference of a 2-m diameter circle centered within the net trap, and individual birds were randomly assigned to a cage and location. Wooden perches and ample food and water were provided in each cage.
Trapping began in late afternoon and the net trap remained in place overnight. Near dawn the next morning, two investigators lowered the sides of the net trap to the ground before entering the net trap to collect mosquitoes captured overnight. Mosquitoes were collected from the interior walls and roof of the net trap by mechanical aspirator and immediately placed on dry ice. Mosquitoes were transported to the laboratory on dry ice to be sorted by sex, bloodmeal status (engorged or unfed) and species (Meyer 2003) . Only engorged mosquitoes were recorded and retained from collections at the urban OCVCD site. Blood-fed female mosquitoes were placed individually into 1.5-ml microcentrifuge tubes labeled with the collection date, site, and species identiÞcation, and then stored at Ϫ80ЊC for later bloodmeal analysis.
Bloodmeal Analysis. The source of the bloodmeal acquired by each engorged Culex mosquito was determined by polymerase chain reaction (PCR) to amplify a species speciÞc fragment of the cytochrome b (cyt b) gene. Because of the capture of very large numbers of Culex erythrothorax Dyar on some collection dates, a subsample of this species captured from each location was analyzed.
For each bird species used in this study, PCR primers were developed from a consensus sequence found by aligning all cyt b sequences for the species that were available from GenBank (http://www.ncbi.nlm.nih. gov/) in December 2007. A universal reverse primer identical for all four bird species was identiÞed for a conserved region of the cyt b gene (5Ј-AGGGCYAG-KACTCCTCCTAG-3Ј). Forward primers speciÞc to each bird species were then designed for variable regions of the cyt b gene to give ampliÞed fragments that varied in length for each bird species. The forward primers were as follows: house sparrow (5Ј-TTCG-TACTAATGCTCTCCCTG-3Ј), American crow (5Ј-ATTCCATCCTTACTACTCCATC-3Ј), house Þnch (5Ј-AAACTGGATCAAACAACCCAAC-3Ј), and mourning dove (5Ј-ATAATTGCAGGCCTCACCATC-3Ј), resulting in expected ampliÞed DNA fragments for each bird species of 187, 224, 276, and 319 bp, respectively. Primer speciÞcity was conÞrmed using whole blood from the wing vein of each bird species as well as Þeld-captured, unengorged Cx. erythrothorax, Anopheles hermsi Barr & Guptavanji, and Aedes vexans Meigen. The best annealing temperature for PCR ampliÞcation of DNA fragments for all four bird species was determined to be 56.3ЊC after ampliÞcation over a gradient of temperatures from 55 to 70ЊC.
Engorged mosquitoes were homogenized in 180 l of buffer ATL (DNeasy Blood and Tissue kit, QIAGEN, Valencia, CA) by using an electric motordriven Kontes pestle (Fisher, Itasca, IL) before DNA extraction following the manufacturerÕs recommendations and Þnal elution with 200 l of nuclease-free water. Extracted DNA was then used in a multiplex PCR assay with 1 l of extracted DNA placed into a 200-l PCR tube containing PCR Master Mix (Promega, Madison, WI) with 1 M of the universal reverse and each of the four bird-speciÞc forward prim- ers in a Þnal reaction volume of 25 l. The PCR conditions were as follows: initial DNA denaturing at 94ЊC for 2 min and then 55 cycles of denaturing (94ЊC for 45 s), annealing (56.3ЊC for 50 s), and extension (72ЊC for 1 min), with a Þnal extension of 72ЊC for 7 min.
Statistical Analysis. Of the mosquito species captured, Cx. erythrothorax, Culex tarsalis Coquillett, and Cx. quinquefasciatus were collected in large enough numbers for statistical analysis. For each Culex species captured at the wetlands sites, the relationship between feeding success (proportion engorged of total captured) to overall biting intensity (total number of all Culex captured, transformed to log 10 N) on the same collection night was examined using linear regression, limited to collection periods when Ն10 mosquitoes of the species being analyzed were captured. With a signiÞcant relationship between biting intensity and feeding success, biting intensity was subsequently categorized as "high" on nights when Ն50 engorged Culex mosquitoes were captured (n ϭ 3) and "low" on nights when Ͻ50 engorged mosquitoes were captured (n ϭ 4) to assess effects of biting intensity on host-speciÞc proportional engorgement. The number of engorged mosquitoes captured during a single collection period with a bloodmeal identiÞed to a speciÞc avian host was determined, converted to a proportion of the total identiÞed bloodmeals for that collection period, and subsequently transformed (arcsine square root N ϩ 0.05) for further analysis. For each mosquito species, transformed host-speciÞc proportional engorgement was analyzed using three-way analysis of variance (ANOVA) (PROC ANOVA) for signiÞcant variation in the proportion of bloodmeals taken from the available hosts and to determine any signiÞcant interactions between host-speciÞc proportional engorgement and collection site or biting intensity. With signiÞcant differences in proportional engorgement among hosts, and lacking signiÞcant interactions with collection site or biting intensity, the number of bloodmeals identiÞed to a speciÞc avian host was subsequently pooled for each mosquito species across all sites and collection nights and analyzed using a chi-square for differences in proportional engorgement among avian hosts. Differences among mosquito species in host-speciÞc proportional engorgement were examined by CochranÐMantelÐ Haenzel relative risk analysis after data transformation (N ϩ 0.5) because of a zero count for Cx. quinquefasciatus fed on mourning doves. All analyses were performed using SAS version 9.2 (SAS Institute, Cary, NC).
Results
In total, 2,298 female mosquitoes (910 engorged) comprising seven species were collected over 14 trap nights in 2008 (mean biting rate, 8.1 mosquitoes per host⅐night) at the three wetland locations, of which Cx. erythrothorax was the most abundant ( Table 2) .
The proportion of Cx. erythrothorax captured at the wetlands sites that were successful at acquiring a bloodmeal was signiÞcantly inversely related to the total number of all Culex mosquitoes (fed and unfed) captured during the same collection period (y ϭ Ϫ0.29x ϩ 1.08; R 2 ϭ 0.68; df ϭ 1, 6; P ϭ 0.02) (Fig. 2 ). Although this relationship was similar for Cx. tarsalis, it was not signiÞcant (P ϭ 0.19).
Host-speciÞc proportional engorgement varied signiÞcantly among the available hosts for both Cx. erythrothorax (F ϭ 8.25; df ϭ 3, 20; P ϭ 0.0009) and Cx. tarsalis (F ϭ 9.28; df ϭ 3, 24; P ϭ 0.0003), with no signiÞcant interactions between host-speciÞc proportional engorgement and biting intensity (F ϭ 2.38; df ϭ 4, 20; P ϭ 0.09 and F ϭ 0.93; df ϭ 4, 24; P ϭ 0.47 for Cx. erythrothorax and Cx. tarsalis, respectively) or collection site (F ϭ 1.05; df ϭ 8, 20; P ϭ 0.44 and F ϭ 0.56; df ϭ 4, 24; P ϭ 0.70 for Cx. erythrothorax and Cx. tarsalis, respectively). Cx. erythrothorax fed most often on American crows (n ϭ 178, 44.3%, 2 Ն 35.3, P Ͻ 0.0001), whereas Cx. tarsalis fed most often on house sparrows (n ϭ 41, 46.1%, 2 Ն 7.0, P Ͻ 0.01) and Cx. quinquefasciatus fed most often on house Þnches (n ϭ 96, 43.2%, 2 Ն 5.1, P Ͻ 0.03) (Fig. 3) . All three Culex species fed signiÞcantly less often on mourning doves relative to all other bird species ( 2 Ն 9.4, P Ͻ 0.003). Of particular note, zero of 222 Cx. quinquefasciatus bloodmeals were identiÞed to be from a mourning dove.
The probability of feeding on a speciÞc avian species over all others varied signiÞcantly among the three Culex species (Table 3) . For each mosquito species, the probability of feeding on the preferred host (as identiÞed in Fig. 3 ) was Ϸ1.5Ð2 times greater than the probability that the other Culex species would feed on that same host species.
Discussion
Variation in host-speciÞc proportional engorgement by mosquito species in this study was unrelated to habitat or host contact opportunity, because hosts were presented to host-seeking mosquitoes in equal numbers and under identical conditions. Differences in host-speciÞc engorgement as noted are therefore likely to reßect real differences in mosquito orientation toward hosts (Dow et al. 1957 , Reisen et al. 1992a , Simpson et al. 2009 ) and/or host-speciÞc feeding success, perhaps as a result of host defensive behaviors (Edman and Kale 1971 , Nelson et al. 1976 , Darbro and Harrington 2007 or other host protective characteristics (e.g., effectiveness of a protective feather "barrier"). Therefore, the term "host preference" in our study combines host orientation behavior and feeding success that together result in successful engorgement on a particular host species relative to other available host species.
What is particularly novel about this study is that mosquitoes were given an unrestricted opportunity to select freely among several avian hosts, including the opportunity to reorient away from a defensive host and toward other nearby hosts, with Þnal host selection measured by engorgement on a particular host species as identiÞed using molecular methods. Previous studies primarily assessed mosquito orientation behavior, with mosquitoes being captured at the Þrst host approached (Dow et al. 1957 , Simpson et al. 2009 , Suom et al. 2010 ), often without determining ultimate feeding success on that host. Although there are good reasons to evaluate mosquito orientation toward hosts, a Includes one mosquito that fed on both a mourning dove and a house sparrow.
b Includes two mosquitoes that contained blood from a house Þnch and a house sparrow (n ϭ 1) or a house Þnch and an American crow (n ϭ 1).
c Includes three mosquitoes that contained blood from an American crow and a house sparrow (n ϭ 2) or an American crow and a house Þnch (n ϭ 1).
Fig. 2.
Relationship between feeding success of each Culex species and the total number of Culex captured for each collection period at three wetlands sites. For each Culex species, data are limited to collection periods with Ն10 female mosquitoes (fed or unfed) of that species captured in a single collection period.
these orientation behaviors comprise only one component of the host selection process eventually leading to successful engorgement on a particular host. We acknowledge that the limited host species (N ϭ 4, birds only) and their spatial arrangement in this study are unlikely to reßect natural conditions and that further studies are needed to assess variation in host preference with other combinations and spatial arrangements of avian and mammalian hosts. Nevertheless, it is clear that Culex populations did exhibit a signiÞcant preference among the four avian host species offered to them in this study and that this preference was speciÞc to each mosquito species.
All three Culex species demonstrated a preference for a different passerine bird species, with a somewhat lower host preference for the remaining passerine species, and the nonpasserine mourning dove being the least preferred host species. For each Culex species, the probability of feeding on the preferred host was considerably greater than the probability that another Culex species would feed on the same host species. The differential host preference demonstrated in this study may have important epidemiological implications for pathogens, such as WNV, that persist in an avianÐmosquito transmission cycle.
Feeding success was signiÞcantly inversely related to increasing biting intensity, perhaps as a result of increasing host defensive behavior , Nelson et al. 1976 . Although host defensive behavior was not evaluated, proportional engorgement on one host species relative to another did not change with increasing biting intensity for either Cx. tarsalis or Cx. erythrothorax. Biting rate, as measured in this study by the number of engorged mosquitoes captured, was relatively low, averaging 8.1 mosquitoes per host⅐night at the wetland sites and only 2.6 mosquitoes per host⅐night at the urban location for all species and nights combined. Considering the range of the host- Fig. 3 . Frequency of engorgement by Cx. erythrothorax, Cx. tarsalis, and Cx. quinquefasciatus on four bird species offered similarly to wild mosquitoes under Þeld conditions. Within a mosquito species, columns with the same letter are not statistically signiÞcant by chi-square analysis (P Ͼ 0.05). Cells indicate the host-speciÞc engorgement probability ratio (95% conÞdence interval) for the two mosquito species indicated in the row as determined by CochranÐMantelÐHaenzel analysis. The probability ratio (or relative risk ͓RR͔) indicates the increased/decreased likelihood that the Þrst mosquito species, relative to the second mosquito species, indicated in the row heading would feed on the bird species identiÞed in the column rather than the other bird species offered. RR Ͼ 1 indicates a greater probability of engorgement, and RR Ͻ 1 indicates a reduced probability of engorgement.
a Ñ, indicates no signiÞcant difference in engorgement probability between the two compared mosquito species.
seeking activity period for these species at the collection sites (Cope et al. 1986 , Gerry et al. 2008 , it seems unlikely that there would have been many mosquitoes biting the same host at the same time. Biting intensity also seems to have had little effect on successful engorgement once feeding had begun, as nearly all (Ͼ99%) of the blood-fed mosquitoes were fully engorged and had taken blood from only one of the available host species. Culex with mixed bloodmeals are collected relatively infrequently under Þeld conditions Molaei et al. 2007 Molaei et al. , 2010 Thiemann et al. 2011) .
The relative abundance of mosquito species captured in this study reßects trapping efforts near wetlands with emergent vegetation that are especially productive for Cx. erythrothorax (Cope et al. 1986, Walton and Workman 1998) . Cx. tarsalis was abundant only near freshwater wetlands, and Cx. quinquefasciatus was abundant only at the urban site, as is reported for these species (Bohart and Washino 1978) . All three Culex species are known to be competent vectors of WNV under laboratory conditions (Goddard et al. 2002 , Turell et al. 2005 and have been frequently found infected with the virus in nature (Reisen et al. 2004 , Kwan et al. 2010 , Molaei et al. 2010 .
Under natural conditions, Cx. tarsalis feed most frequently on birds (Tempelis and Washino 1967 , Reisen et al. 1992b , Wekesa et al. 1997 , Kent et al. 2009 , Molaei et al. 2010 ), but will take bloodmeals from both small and large mammals, with increasing mammal feeding associated with greater mosquito density (Nelson et al. 1976 , Thiemann et al. 2011 . In contrast, Cx. erythrothorax is considered to be largely opportunistic and will readily feed on both birds and mammals (Tempelis 1989 , Reisen et al. 1992b , Walton et al. 1999 , Gerry et al. 2008 . Cx. quinquefasciatus has been reported to feed predominantly on birds (Hayes et al. 1973, Bohart and Washino 1978) , predominantly on mammals (Samuel et al. 2004) , or readily on both birds and mammals (Edman 1974; Reisen and Reeves 1990; Reisen et al. 1992b; Niebylski and Meek 1992; Zinser et al. 2004; Molaei et al. 2007 Molaei et al. , 2010 .
Of the bird species presented to wild mosquitoes in this study, American crows are considerably larger than the other bird species and might be expected to produce a higher concentration of host semiochemicals. Dow et al. (1957) demonstrated that larger birds attracted more Cx. tarsalis to their immediate vicinity, but this greater attraction did not necessarily result in more successful engorgement. In contrast, Darbro and Harrington (2006) showed no difference in attraction of Culex pipiens pipiens L. and Culex restuans Theobald to either house sparrows or much larger domestic chickens (Gallus gallus domesticus) when these birds were placed in traps suspended within a tree canopy. In our investigation, Cx. erythrothorax fed more often on American crows relative to smaller bird species available, but both Cx. tarsalis and Cx. quinquefasciatus fed signiÞcantly more often on the smaller birds (house sparrows and house Þnches, respectively) compared with the larger American crows and mourning doves, suggesting factors other than size were responsible for their host preferences. Mosquito orientation toward the individual captive birds separated from successful engorgement was not evaluated in this study.
Interestingly, feeding on mourning doves was very low for all three Culex species, even though mourning doves are intermediate in size to other bird species that were fed upon in this study. This Þnding was surprising given that previous investigations have shown engorgement on mourning doves by Cx. tarsalis and Cx. quinquefasciatus to be high (Kent et al. 2009; Molaei et al. 2007 Molaei et al. , 2010 , and these birds frequently are infected with WNV in nature (Wheeler et al. 2009 . However, host selection by Culex mosquitoes as identiÞed in these previous studies may reßect high host-contact opportunity for mourning doves, and perhaps the lack of alternate suitable species nearby, rather than any innate host preference for mourning doves, a sentiment echoed by Kent et al. (2009) . Under Þeld conditions, abandonment of a less suitable host species may be limited by low availability of other hosts within the range of detection. The low preference for mourning doves, exhibited by all Culex species in the current study, might reßect the proximity of multiple host species allowing host-seeking mosquitoes to readily reorient from doves toward a more attractive or less defensive bird species (Walker and Edman 1985) .
Proportional host-speciÞc engorgement by Cx. erythrothorax and Cx. tarsalis did not vary by collection site, even though sites were separated by Ϸ50 km and represented three very different wetlands habitats with dissimilar mosquito biting rates. Molaei et al. (2010) reported that the proportion of bloodmeals acquired by Culex mosquitoes from selected avian hosts varied with habitat in southern California, but differences in host contact opportunity near mosquito traps are probably responsible for this variation in proportional engorgement (Edman 1971 , Patrican et al. 2007 , Chaves et al. 2010 . All four bird species used in the current study are abundant year-round throughout southern California, so even geographically distant populations of Culex species are probably under similar selection pressure to orient toward and feed on these avian hosts.
Host availability at the time and place where mosquitoes are host-seeking is difÞcult to determine, and estimations of mosquito activity through sampling may provide little direct information on the abundance of mosquitoes within a much broader area where potential hosts may be available. With most animal and mosquito populations nonuniformly distributed throughout the environment because of habitat constraints and social behaviors (Bidlingmayer 1985, Lothrop and Reisen 2001) , areawide forage ratios are not likely to provide an accurate measure of host-contact opportunities (Chaves et al. 2010) , and they may therefore result in misleading estimates of host preference. Even reasonably comprehensive surveys of the fauna in a local area (as in Kent et al. 2009 ) could fail to account for variable host and mosquito behav-iors during the critical host-seeking period, which may alter host contact opportunities in ways that would be difÞcult to predict. In addition, estimates of proportional host engorgement may be biased by trap locations and trap methods used to capture recently engorged mosquitoes (e.g., Thiemann and Reisen 2012) .
There are Ͼ300 species of birds in the order Columbiformes (including mourning doves) and Ͼ1000 species in the order Passeriformes (including crows, Þnches, and sparrows) throughout North America, with the four species used in this study being some of the more common and widespread (Cornell Laboratory of Ornithology 2009). Passerine birds typically develop higher WNV viremia of longer duration relative to other bird orders (Komar et al. 2003 , Reisen et al. 2005 , and the proportion of Culex mosquitoes infected with WNV after feeding on an infective bloodmeal is strongly dose dependent (Goddard et al. 2002 , Reisen et al. 2005 ). In the current study, the preference of all Culex spp. for the three passerine birds was signiÞcantly greater than for the single nonpasserine tested. A greater preference of Culex mosquitoes for passerine birds would probably enhance WNV transmission, even when WNV-refractory nonpasserine birds are similarly available in the environment and might otherwise be expected to dilute the pool of competent hosts (e.g., Loss et al. 2009 ).
Additional studies should be conducted to evaluate whether the reduced preference for mourning doves demonstrated by all three Culex species in this study is speciÞc to this avian species or more generally applicable to other nonpasserines. Additional studies to separate the effects of differential orientation behaviors and host-feeding success as components of host preference also are needed, as are further studies to examine host preference across mosquito populations of the same species.
